Global Navigation Satellite System (GNSS) has manifested its ability in many other areas that are 12 vital to society largely. With the dense setting of the regional continuously operating reference 13 station (CORS) networks, monitoring the variations in atmospheric water vapour using a GNSS 14 technique has become the focus in the field of GNSS meteorology. Most previous studies mainly 15 concentrate on the analysis of relationship between the two-dimensional (2-d) Precipitable Water 16
Satellite signals are delayed and bent when crossing the atmosphere, which adds ionosphere and 91 troposphere delay: the former delay can be eliminated based on ionosphere free (IF) linear 92 combination during the processing of GNSS measurement due to the dispersive nature of 93 ionosphere delay (Dach and Walser, 2013) . The latter delay can be divided into two parts: 94 hydrostatic delay and wet delay. The first part of the tropospheric delay in a vertical direction, also 95 called zenith hydrostatic delay (ZHD), can be precisely calculated by the Saastamoinen model 96 (Saastamoinen, 1972) with the observed surface pressure while the second part can be estimated in 97 the zenith direction using GNSS data. The second part is also called zenith wet delay (ZWD), 98 from which the PWV can be calculated, thus forming a new concept: GNSS meteorology, as first 99
proposed by Bevis et al. (1992) . The calculation used in obtaining PWV is expressed as follows: 100 the zenith total delay is first estimated by processing the GNSS measurements using the GNSS 101 processing software such as Bernese, GAMIT, etc. The ZWD is then obtained by extracting the 102 ZHD from ZTD and thus the PWV can be calculated based on the following equations 103 If a sufficient number of SWVs derived from some stations in a regional CORS network can be 125 obtained, the GNSS tomographic technique can be used to reconstruct the three-dimensional (3-d) 126 distribution of atmospheric water vapour field. Therefore, a four-dimensional (4-d) water vapour 127 information is a time series of such a 3-d tomographic result, which can reflect the regional 128 atmospheric water vapour variations in both the spatial and temporal domains. As described by 129 Ann. Geophys. Discuss., https://doi.org/10.5194/angeo-2018-76 Manuscript under review for journal Ann. Geophys. Discussion started: 23 July 2018 c Author(s) 2018. CC BY 4.0 License. 2014). In our study, both horizontal and vertical constraints are considered. The water vapour 145 density in a certain voxel is regarded as the weighted mean value of its horizontal neighbouring 146 voxels (Rius et al., 1997) and the negative exponential function is introduced to describe the 147 relationship between the nearby voxels in the vertical direction while the coefficients of functional 148 model are established using radiosonde data (Yao and Zhao, 2016) . Consequently, the 149 tomographic modelling can be expressed after imposing the constraints as: 150
Where H and V are the coefficient matrices of horizontal and vertical equations, respectively.
152
To obtain a reasonable tomographic result from the above equation, an optimal tropospheric 153 solution method is used, which can adaptively tune the weightings of different types of equations 154 
Data description 158
To validate the ability of GNSS technique in capturing the signature of atmospheric water vapour 159 variation during heavy rainfall events, two periods of GNSS observations (19 to 27, July 2015 and 160 1 to 8, August 2015) from 13 GNSS stations in the CORS network of Hong Kong are selected in 161 the experiment. Those two periods are selected because they correspond to a heavy rainfall event 162
and a no-rainfall event, respectively according to hourly rainfall data from 45 rain gauges evenly 163 distributed across this area (Figure 1 ). There is a radiosonde station located in this area where the 164 radiosonde balloon is launched twice daily at UTC 00:00 and 12:00, respectively. The 20-years of 165 radiosonde data from 1998 to 2017 are used to establish the regional Tm model in this study. In 166 addition, the surface temperature and relative humidity are also selected to analyse their changes 167 during those two periods. To explain the variations of surface temperature and relative humidity, 168 the solar radiation data are also used in this study, which is derived from the CRU-NCEP Ver. 7 169 dataset. This dataset is a combination product of the CRU TS3.2 climate dataset and the NCEP 170 reanalysis data. The temporal-spatial resolution of the solar radiation dataset are four times daily 171 (UTC 00:00, 06:00, 12:00 and 18:00) and 0.5°×0.5°, respectively. 172
Ann. Geophys. Discuss., https://doi.org/10.5194/angeo-2018-76 Manuscript under review for journal Ann. Geophys. been presented previously (Zhao et al., 2018d) . In addition, the gradient parameters in south-north 177 and east-west directions are also estimated at intervals of 2 h. The corresponding meteorological 178 parameters, such as the surface pressure and temperature, are also obtained at the selected GNSS 179 stations. Therefore, the precise ZHD can be calculated by the empirical model using the observed 180 surface pressure. The conversion factor, as described in Eq. (1), is also obtained, in which Tm is 181 calculated based on the established Tm model which will be introduced in the following section. 
Cases of water vapour profile variation during heavy rainfall 291
The variations in 4-d atmospheric water vapour are also analysed during heavy rainfall. In this 292 section, the tomographic technique is introduced and the research area is discretised. There are 7 293 In addition, the time series of water vapour density profiles, at a temporal resolution of 1 minute, 329 for the three rain gauges are also presented in Figure 11 . From which it can be seen that the 330 vertical water vapour density profile undergoes a significant vertical motion about 1-2 hours 331 before the arrival of rain (black dotted rectangles, Figure 11 ) while the profiles are relatively 332 stable during rain. By comparing the Figures 8-10 , it also can be found that the vertical variations 333 of water vapour density profiles at SPP and PEN stations 1 hour before rainfall are more active 334 than that at TKL station: this can be explained by considering that the continued heavy rainfall 335 happened at SPP and PEN stations while the TKL had little rainfall (Table 1) TMS rain gauges is selected while the hourly rainfall information is presented in Table 2 . Figures 372 12 and 13 both reflect that the change in water vapour profiles at PEN and TMS stations are 373 similar to that of above conditions. The water vapour content above PEN and TMS is increased at 374 altitudes of 2.5 km and 3.2 km, respectively, some 1-2 hours before onset of rainfall and returns to 375 its average value at the moment that the rainfall is about to begin. One possible explanation for 376 this is that: before onset of rainfall, the atmospheric water vapour was conditionally unstable with 377 were relatively stable with slight vertical variation in water vapour content. In addition, it can be 416 concluded that the place at which hydrometeors were generated in the lower atmosphere is 417 Ann. Geophys. Discuss., https://doi.org/10.5194/angeo-2018-76 Manuscript under review for journal Ann. Geophys. 
